Materials. DEAE-Sepharose and Sephacryl S-200 were purchased from GE Healthcare. were purchased from Fluka. The water content of sodium phosphite was reduced to 
S2
Cambridge Isotope Laboratories. Water was purified using Milli-Q Academic purification system. All other chemicals were reagent grade or better and were used without further purification.
Solutions and Substrates. Solution pH was determined at 25 °C using an Orion Model 720A pH equipped with a Radiometer pHC4006-9 combination electrode that was standardized at pH 4.00, 7.00 and 10.00 at 25 °C. Triethanolamine and Tris-HCl buffers were prepared by addition of 1M NaOH or 1M HCl and solid NaCl to give the desired pH and final ionic strength.
A stock solution of triethylammonium bicarbonate (TEAB) buffer at pH 7.5 was prepared by saturating 1 M triethylamine solution with carbon dioxide at 4 °C for 3-4 hours until the desired pH was reached. The resulting buffered solution was then stored at 4 °C until further use. A stock solution of sodium bicarbonate was prepared by dissolving the salt in water and adjusting the pH to 7.5.
Stock solutions of NADH and 4S-[4-
2 H 1 ]-NADH (NADD), prepared separately by dissolving the disodium form of the coenzyme in water, were stored at 4 °C. The concentration of NADH and NADD in aqueous solutions were determined from the absorbance at 340 nm using a value of ε = 6220 M -1 cm -1 . Stock solutions of DHAP were prepared, starting with the hemimagnesium salt, and stirring over Dowex 50WX4-200R (H + form) in water for 5-10 minutes at 25 °C to give the free acid. The Dowex was removed by filtration, and the pH of the resulting solution was adjusted from ~2.0 to 7.5 using 1 M NaOH, and then stored at -20 °C. The concentration of DHAP was determined spectrophotometrically at 340 nm, as the concentration of NADH oxidized upon quantitative conversion to glycerol 3-phosphate catalyzed by GPDH. 2.27 ± 0.10 were pooled, concentrated to 5 mL by rotary evaporation, and lyophilized to dryness.
The triethylammonium salt of NADD was passed over a Dowex 50WX4-200R (Na + form) column at 4 °C to give the disodium salt solution, which was lyophilized to give a 67% yield of S4 NADD. A comparison of the NMR-spectra of NADD and known hydrogen labeled standard showed that the deuterium enrichment at the C-4 position was ≥99%.
Human Liver Glycerol-3-Phosphate Dehydrogenase (hlGPDH). The plasmid pDNRdual donor vector containing the gene for wild-type human liver GPDH (hlGPDH) gene insert was purchased from the Harvard plasmid repository. The insert gene was subcloned into a bacterial expression vector pET-15b from Novagen and used for transformations of cells from E.
coli strain Bl 21(DE3). These cells were then grown, and GPDH purified to homogeneity by following a published procedure. 4 The protein concentration was determined from the UV absorbance at 280 nm, using the extinction coefficient of 18 450 M -1 cm -1 calculated for a subunit molecular weight of 37500 Da using the ProtParam tool available on the ExPASy server.
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Enzyme Assays. All enzyme assays were conducted at 25 °C and an I of 0.12 (NaCl) in a final volume of 1 mL. Glycerol-3-phosphate dehydrogenase was assayed by monitoring the oxidation of NADH by DHAP. Initial velocities of the oxidation of NADH (≤ 5% reaction)
either by the whole substrate DHAP or the truncated substrate glycolaldehyde (GA) were calculated from the change in absorbance at 340 nm using an ε of 6220 M -1 cm -1 . The standard assay mixture for GPDH activity contained 100 mM TEA (pH 7.5), 1 mM DHAP, 0.20 mM NADH, 0.1 mg/mL BSA, 50 µM DTT, and ca. 0.67 nM GPDH at an I of 0.12 (NaCl).
BSA was used in assays to determine the activity of GPDH activity for catalysis of reduction of DHAP, in order to control for absorption of enzyme onto the glass cuvettes. BSA was omitted from assays to determine GPDH activity for catalysis of reduction of GA, because absorption does not cause a significant change in the larger enzyme concentrations used for these assays. fit of data to eq 2, derived for an ordered reaction mechanism, where NADH binds first followed by DHAP (Scheme 1). 8, 9 The following equations connect these empirical parameters to the rate constants for the ordered steady-state mechanism shown in Scheme S1:
10 These data were fit to eq 1 to give the kinetic parameters reported in Table S1 . These fits also gave values for E X (1°DKIE -1) that were used to calculate the primary deuterium isotope effects (1°DKIE) reported in Table S1 . 8, 9 Scheme S1 
a Determined at pH 7.5 (20 mM TEA buffer), 25 °C, and I = 0.12 (NaCl). b These kinetic parameters were determined from the non linear least squares fit of data to eq 1 for a sequential bisubstrate reaction. The following equations connect these empirical parameters to the rate constants for the ordered steady-state mechanism (Scheme S1): 
